Phosphorus management in grazingland ecosystems represents a major challenge of agronomic and environmental importance. Because of the extensive acreage occupied by grazinglands, decisions concerning pasture fertilization and nutrient management in forage-based livestock systems are crucial to both farmers and regulatory agencies. The purpose of this paper is to provide an overview of the literature relevant to pasture P fertilization and the potential impacts on water quality. There continue to be uncertainties regarding interrelationships between pasture management and water quality issues. Despite the extensive body of literature on nutrient transport from grazinglands, limited information is available on the relationships between land use, transport potential, water management, and climatic conditions affecting nutrient losses at a watershed scale. As agriculture continues to modernize and intensify, public concerns about the impacts of plant nutrients on environmental quality will likely increase. Managing water quality protection and profitable agriculture will be a major challenge for the next generations.
Introduction
A total of 17 elements are considered essential for the growth of higher plants [1] . These include carbon (C), hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), manganese (Mn), copper (Cu), zinc (Zn), molybdenum (Mo), iron (Fe), chlorine (Cl), and nickel (Ni). Carbon, N, and O are obtained from the air and soil water, while the other 14 are supplied by the soil. Nitrogen, P, and, K are considered "primary nutrients" because they are taken up by plant in the largest amounts. Calcium, Mg, and S are considered "secondary nutrients" and are taken up in the next largest amounts. Iron, Mn, Zn, Cu, B, Mo, Cl, and Ni are required by the plants in very small amounts and are known as "micronutrients". Regardless of the class to which they belong, all essential nutrients are equally important for plant growth.
Soil fertility is a key component in sustainable forage production systems. Because most of the essential plant nutrients are supplied by the soil, as soils become nutrient deficient, forage yield and quality can be significantly affected. Most soils in the world are deficient in more than a single essential plant nutrient, so fertilization is generally necessary to improve and maintain forage production.
Nitrogen is often a limiting nutrient in grassland systems and is typically applied to pastures as commercial fertilizer, animal manure, or organic amendments. Biological fixation of atmospheric N by forage legumes can also provide adequate amounts of N to sustain forage and livestock production. Phosphorus and K can be included in fertilizer blends and applied along with N. Calcium and Mg are usually supplied to forage crops through liming. Sulfur is often associated with N and P fertilizers (i.e., ammonium sulfate and triple superphosphate). Micronutrients are typically present in adequate amounts in the soil and are seldom applied to forage crops. However, under high soil pH conditions (pH > 7), Fe and Zn may become deficient [2] . Conversely, under acidic conditions (pH < 4.5) some elements such as Al and Mn can become toxic to the plants. 2 International Journal of Agronomy Phosphorus fertilization is a vital component of modern agriculture. However, while adequate levels of P in soils are essential to grow crops, P has the potential to induce eutrophication in surface waters. As P accumulates in soils in response to excessive fertilizer, animal manure, or municipal waste application, P may become susceptible to transport via surface runoff and subsurface leaching. Phosphorus fertilization continues to be controversial and a topic of agronomic and environmental importance in various agricultural production systems. Current fertilizer management strategies for forage crops are aimed at balancing agronomic requirement of crops while reducing the risks of nutrient accumulation and subsequent transport to the environment. While research has clearly demonstrated that past and current pasture fertilization history can have serious consequences to water quality [3, 4] , studies have also shown that proper fertilization management may pose no environmental threat to surface waters [5, 6] .
Highly weathered soils from subtropical and tropical regions often exhibit low pH and are considered "acidic" and lime is frequently applied to raise soil pH. Lime also serves as a primary source of Ca and Mg to pastures. By raising the soil pH, macronutrient availability is typically increased. However, at excessively high soil pH, micronutrients become less available and forage production can be affected.
Maintenance of adequate soil pH is an important step in soil fertility programs for forage crops. Soil pH controls nutrient availability to plants, root development, and fertilizer use efficiency. Optimum soil pH promotes better root growth, which, in turn, results in more efficient fertilizer and water utilization by the plants. Research has shown that N, P, and K fertilization efficiency may be increased considerably when soil pH is within the adequate range [7] .
Forage crops require different soil fertility conditions and target pH varies according to the forage species. In general, warm-season grasses are more tolerant to soil acidity than legumes. Reference [8] indicated that the optimum soil pH for the majority of the forage grasses growing in the southern U.S. ranged from 5.0 to about 6.0. Liming frequency as well as application rates will depend on the soil's characteristics and management practices. For instance, N fertilization rate and source and decomposition of organic materials may contribute to soil acidity.
From both agronomic and environmental perspectives, it is critical to understand the amounts and forms of nutrients present in the soil. Soil testing is still the best management tool to monitor soil fertility levels. Routine soil tests can help identify nutrient deficiencies and inadequate soil pH. Similarly, soil test results can also indicate which nutrients are present at adequate levels in the soil so fertilizer can be omitted. In addition to the cost savings by only applying the required fertilizers, losses and environmental problems associated with off-site movement of soil nutrients can be minimized. Based on soil test results, cost-effective fertilization programs can be developed to meet forage nutrient requirements and minimize production costs.
In addition to soil tests, tissue analysis has been recently incorporated into soil fertility programs of major forage crops in the United States. In Florida, for instance, the process of obtaining a recommendation for P fertilization of established bahiagrass (Paspalum notatum L. Fluegge), the most abundant forage crop in the state, has recently incorporated tissue testing [9] . The basic principle involved when using tissue analysis is that forage yield will be limited at a critical nutrient concentration for each specific crop. In the case of bahiagrass growing in Florida soils, critical tissue P concentration was identified as being 1.5 g kg −1 [10] . [11] suggested that 90% of maximum bermudagrass [Cynodon dactylon (L.) Pers.] yields were obtained when average tissue P concentration was 2.0 g kg −1 . A critical value of 2.6 g kg −1 P has been estimated as the critical limit for dallisgrass (Paspalum dilatatum) [12] . Similarly to bahiagrass P fertilization work conducted in Florida, future research is being designed to identify critical tissue concentrations for other forage crops and nutrients. When used in conjunction with soil testing, tissue analysis has potential to be a useful diagnostic tool for developing nutrient management programs that predict when crops need additional nutrients while avoiding negative impacts on the environment.
Nutrient Cycling in Forage Systems
Nutrients can enter forage systems as fertilizer, animal feed, and through atmospheric deposition. In contrast, nutrients can be exported from pastures as animal product, harvested forage, and via off-site nutrient transport. When inputs exceed the removal of nutrients from the system, nutrients will likely build up in the soil increasing the risks associated with nutrient losses. A key component of sustainable forage systems is to optimize nutrient inputs and maximize plant uptake so the amount of nutrient losses is minimized. Although this may seem like a relatively easy task, the challenge in improving conversion efficiency is to accurately predict nutrient cycling and dynamics in forage systems.
As only a small proportion of the ingested nutrients are retained in animal products [13] , nutrient recycling via animal wastes is an important soil fertility pathway in grazed pastures [14, 15] . In addition to animal excreta, litter decomposition can also play an important role in terms of nutrient cycling in grazing systems [16] . A schematic representation of nutrient cycling in grazing systems is presented in Figure 1 . Nutrients returned to the soil as animal excreta and/or litter decomposition can be utilized by plants but are also subject to losses.
Animal excreta play a major role in nutrient recycling in grazed pastures. Manure and urine chemical characteristics are determined by numerous factors, such as diet composition, animal species, and how the sampling is performed. In general, animal manure contains appreciable amounts of N and P, while urine has significant concentrations of N and K that can be utilized by forages.
Cattle diets generally exceed animal P requirements by 25% to 40% [18] , and a significant fraction (∼80%) of the P consumed is excreted in the feces due to the low bioavailability of dietary P. Because the N : P ratio of manures (4 : 1 to 5 : 1) typically does not match crop requirements (6 : 1 to 8 : 1) [19, 20] , excess P can easily accumulate in the soil as a result of long-term manure deposition. It has been estimated that soil P accumulation rates due to manure application in the USA and several European countries range from 8 to 40 kg P ha −1 yr −1 with an average rate of 22 kg P ha −1 yr −1 [21] . Nitrogen and P in animal excreta are present in various forms. For instance, the majority of the N present in the excreta occurs in organic forms, while manure P is primarily inorganic. This suggests that mineralization rates and nutrient availability in excreta depend on the nutrient and environmental conditions, such as soil moisture and temperature. [22] demonstrated that P availability in cattle manure could be as high as 100% and was comparable to inorganic P fertilizer.
A major concern relative to excreta deposition in grazed pastures is spatial distribution. Animal excreta are not returned uniformly to the soil, but rather a significant proportion of the nutrients may be concentrated in relatively small areas, generally near shade and water sources [23, 24] . Thus, animal behavior and grazing management can increase the heterogeneity of nutrient distribution in pastures. High excreta density in small areas of the pasture can contribute to soil nutrient buildup and subsequent transport to water bodies. In addition to environmental problems, losses of manure components as runoff and/or leaching have raised concerns regarding the impacts of animal excreta on human health [25] .
Accumulation of nutrients as a result of long-term animal excreta deposition and/or fertilizer application represents an important environmental concern worldwide. Relatively efficient nutrient recycling in grassland systems can be promoted in pasture systems by using the soil, plant, and animal resources more efficiently. Management strategies such as altering animal feed composition, utilization of adequate fertilization programs, and maintaining appropriate animal stocking rates, can potentially increase nutrient recovery by the plants and, consequently, prevent environmental problems.
Phosphorus Losses from Forage Systems
With the increased concern over water quality and high costs of commercial fertilizer, research emphasis has been placed on re-evaluating nutrient management strategies that result in optimum forage production and yet have little or no negative effect on the environment. Phosphorus continues to be a major focus of research. While research has clearly demonstrated that P inputs are essential for profitable crop and livestock operations [5] , transport of agricultural P has long been suggested as the major cause of eutrophication of surface waters [20, 21, 26] . The productivity and profitability of modern agriculture can be substantially increased by improving soil fertility conditions and forage production. However, recent research findings have shown that most economical forage production systems are not necessarily focused on maximum production [5, 27] . Instead, effort has been directed toward identifying fertilization practices that maintain sustainable forage yields [28] with minimal or no impacts on the environment. Research studies are continuing in this area to identify nutrient reduction technologies that can help producers reduce production costs as well as preserve the environment [29] .
In addition to feed for herbivores, well-managed forages provide significant ecosystem services [30] . However, if improperly managed, pastures can be important nonpoint sources of pollution that can adversely impact water quality. This may occur because a significant proportion of nutrients imported to the pasture as fertilizer or animal feed is returned to the soil as animal excreta. Generally, about 70% to 90% of the N, P, and K ingested are recovered in the excreta and urine [31, 32] . In general, areas where animals tend to congregate or have access to watercourses offer the highest risk for water pollution. As nutrients accumulate in the soil, subsequent off-site losses can occur [33, 34] . The degree to which pastures can cause water quality concerns varies greatly depending on a number of factors such as soil type, fertilization regimen, stocking rate, and environmental conditions.
Recent investigations have shown that manure-impacted soils have considerable buffering capacity to resupply P into solution and can release significant amounts of P over time [35] . Under intensive grazing, where concentration of manure occurs in localized areas, soil nitrate concentrations may also be increased. Unlike grazed pastures where nutrient removal is minimal and considerable amounts of the nutrients absorbed by the plants are returned as excreta, large amounts of N, P, and K are removed in harvested forage systems. To sustain adequate forage production, harvested forage systems require significant amounts of fertilizer to replenish nutrient removal. A general shortcoming of most fertilizers is their high solubility in the soil, which makes nutrients applied as fertilizers subject to losses. For instance, nitrate is found free in the soil solution and can be lost within a short time after application if not taken up by the roots. The purpose of efficient and profitable nutrient application in both harvested forage and grazing systems is to obtain maximum utilization rates of the applied fertilizer by the forage. Losses of nutrients not only add to production costs but they can also have negative environmental consequences.
Losses via runoff and leaching are the major pathways by which nutrients are transported from forage systems. Among all the nutrients, P followed by N have been historically identified as the major environmental concerns with respect to water quality [36] . While P is perhaps of greater concern in terms of ecological quality of fresh waters, nitrate-N is of concern because it renders water unsuitable for drinking without further treatment [36] . Phosphorus concentrations as low as 10 µg P L −1 have been suggested to reduce water quality [37] . Numerous studies have shown that accelerated eutrophication of fresh water is commonly associated with transport of N and P from agricultural areas [26, 36, 37] . This occurs because N and P are typically limiting nutrients in aquatic systems [38] . As N and P concentrations increase, primary productivity in water bodies is stimulated promoting algae bloom, fish kill, and new species invasion.
Eutrophication has been recognized as the primary cause of water impairment in the United States [39] . Considerable effort has been placed on identifying effective best management practices (BMPs) that can reduce and/or minimize nutrient transport from agricultural systems to surface waters. Effective BMPs should encompass the adoption of short-term management practices to reduce the risk of nutrient transport and long-term regimens to minimize nutrient inputs. Among the most common BMPs recommended for pastures and rangelands are (i) maintenance of adequate vegetative cover, (ii) utilization of sustainable nutrient management practices, (iii) use of riparian buffer zones, and (iv) restoration of isolated wetlands on pastures. In addition, chemical amendments have been suggested to reduce nutrient mobility in the soil and prevent leaching and runoff losses. Reference [35] observed that addition of aluminum water treatment residuals to P-impacted soils could reduce P leaching by as much as 99.8% compared to control treatments. Reference [40] have also shown that P remained nonlabile after 7.5 years of amendment application suggesting the long-term stability of water treatmentimmobilized P.
Nutrient conservation plans are an important first step to improve nutrient utilization efficiency in forage systems. Considerable work has been done to develop conservation plans that address both the agronomic and environmental aspects of forage production. Successful conservation plans should take into account the need to maintain a thriving and economically viable agricultural industry. This can be an extremely useful first-step tool that will help ranchers with management decisions that can impact forage production, costs, and the environment.
Experimental Methods to Assess Nutrient Loss
A variety of experimental methods, from plot to watershed scale, has been used to evaluate nutrient transport from agricultural soils. However, because of the lack of uniformity in the experimental conditions, the interpretation and comparison of results among sites are often limited. Models of varying complexity have also been used to predict the environmental impacts of nutrient transport from agricultural systems [41] [42] [43] [44] . The impacts of animal manure and fertilizer application on water quality have been clearly demonstrated in numerous small-scale studies [19] [20] [21] . These results generally indicate that nutrient losses increase as the application rates increased. In addition, concentrations of nutrients in runoff and leachates are generally greater immediately after fertilizer and/or manure application [45] . Research has clearly demonstrated that experimental conditions such as days after manure and/or fertilizer application, application method (surface versus incorporated), nutrient source, rainfall intensity, and initial soil moisture can affect water quality results [46] [47] [48] . Despite the importance of spatial and temporal scale on the processes controlling nutrient transport, relatively few studies have evaluated the impacts of nutrient application and water quality problems at watershed scale.
Field runoff plots of various sizes receiving natural and/or simulated rainfall have been frequently used to assess nutrient losses [49] [50] [51] . Although field runoff plots are not expected to truly represent field conditions, they have some advantages over watershed studies because they provide more controlled conditions [52] . Runoff boxes, also known as packed boxes, have also been commonly used to quantify runoff P. [52] compared field runoff plots (2-m long by 1-m wide) and runoff boxes (1-m long by 20-cm wide and 5-cm deep) and observed that infiltration rates and runoff volumes were significantly different between the two methods. These authors indicated that greater infiltration was observed in the field runoff plots, while greater runoff volume was found in the runoff boxes because of the limited infiltration due to the box depth. Similarly to runoff plots, runoff boxes are not representative of field conditions, and caution should be exercised when interpreting and extrapolating results to field conditions. Factors such as depth of the box, hydrology of packed soil, and vegetative cover can affect the results. Because of the differences in the hydrologic variables among different research protocols, it is expected that the results will be highly method dependent. In order to minimize the variability associated with the experimental conditions, the National P Research Project has established a protocol for conducting rainfall simulations [53] . This includes the dimensions of the rainfall simulator and runoff boxes and rainfall intensity and duration. Despite some limitations, runoff boxes can provide important information relative to P availability coefficients for various P sources [54] .
Although surface runoff has long been viewed as the major pathway by which P is transported from pastures, subsurface flow can also play a major role in terms of P transport. Significant P leaching has been documented in sandy soils, with low nutrient sorbing capacity [35, 55] . Different methods have been employed to estimate P leaching potential in agricultural soils. Most common leaching experiments include laboratory, greenhouse, and field approaches. Soil columns, lysimeters, suction cups, International Journal of Agronomy 5 leachate sampling plates, and leachate buckets are some of the instruments used in leaching studies. Similarly to runoff experiments, the interpretation of leachate nutrient concentrations can be highly influenced by the experimental design. Therefore, nutrient leaching losses obtained from any given study are not always directly translated into surface water concerns. Column studies can provide useful information relative to the potential for vertical movement of nutrients, but due to the role of soil structure and lack of lateral water movement such results can not be directly extrapolated to field conditions. Rather, leaching studies can provide general trends regarding subsurface nutrient transport under very specific conditions.
Assessment Tools to Predict Risks for P Losses
Although soil test P has been frequently used to determine the agronomic response of forage crops to P fertilization, it cannot predict environmental P losses. This is because rainfall, erosion potential, drainage, distance from the receiving watercourse, and management factors can also affect the likelihood of P being lost from agricultural fields. As soil test alone can not predict P transport, various indicators of P liability have been proposed in different regions in the US and European countries as tools to efficiently assess the risk of P pollution. Typically P assessment tools take into consideration transport factors as well as P source and management. The P index, for instance, was developed by 49 states in the US as a valuable nutrient management tool to predict the risk of P loss from agricultural fields [54, 56] . A variety of sophisticated P index have also been used in Europe to identify high risks sites [57] [58] [59] . The various P indices typically incorporate soil chemical and physical attributes and the characteristics of the watershed to address the site-specific potential for P losses. The main purpose of the P index is to help planners and decision makers involved in designing nutrient management plans for agriculture systems. This concept assumes that sites are subjected to different management practices and can exhibit different vulnerability to P transport. Based on the P-index concept, a site can be classified as a very high, high, medium, or low risk for environmental P losses, and best management practices that can effectively minimize P transport can be selected for specific fields.
Unlike the P index that takes into consideration transport factors, more simplistic approaches have also been widely utilized as indicators of potential environmental problem associated with P transport. The degree of P saturation (DPS) concept, originally developed in the Netherlands, compares the percentage of P saturation of the soil profile and the P concentration in the soil solution [60] . The DPS was originally developed based on the ratio of oxalate extractable P to the sum of Fe and Al. This approach assumes that the ratio between P, Al, and Fe concentrations can be used an indicator of soil's potential to release P [61, 62] . Because of analytical problems associated with oxalate extraction, [63] demonstrated the DPS can also be calculated as a function of Mehlich-1 P, Fe, and Al.
Another tool used to estimate potential risk for P losses is the soil P storage capacity (SPSC) concept developed by [62] . The SPSC is calculated based on a threshold P saturation ratio (PSR) of 0.15 [63] . The PSR is calculated as the molar ratio of P to Fe plus Al. The formula used to calculate SPSC is as follows:
where PSR is the P saturation ratio of the soil sample for which SPSC is being calculated. The SPSC is expressed in milligrams of P that can be added to a kilogram of soil (mg kg −1 ) before a threshold PSR of 0.15 is reached. The 0.15 coefficient is a threshold PSR value that corresponds to the critical P solution concentration of 0.10 mg/L [62] . The critical P solution concentration of 0.10 mg/L corresponds to the guideline established by USEPA for streams [39] . Positive values of SPSC mean that a P source can be applied safely; negative values mean that P additions can result in P losses from the soil that can contaminate groundwater. Differences between extractants (oxalate versus a soil test P such as Mehlich-1) in the calculation of SPSC require a calibration factor; that factor is approximately 2 when Mehlich-1 parameters are used [64] . The SPSC can also be calculated using Mehlich-3-P, Fe, and Al. However, a calibration factor is not available for SPSC calculations using Mehlich-3 parameters at this time. [63] showed that the threshold PSR calculated from Mehlich-3 parameters is similar to that calculated using oxalate and Mehlich-1 P, Fe, and Al data.
The SPSC captures the risk of unimpacted soils that have low P sorption capacity. For example, Aquods of the southeastern USA coastal plain generally have 99% quartz sand in the surface horizons and negligible P retention [55] . Evaluation of a freshly cleared field for an Aquod would typically show low soil test P concentrations (<5 mg kg −1 ), which could be erroneously interpreted as low environmental risk. However, a capacity-based assessment such as the SPSC can reveal the limited P sorbing capacity of the soil and provides a basis for how long the site could be safely used for further P application. Hence, the SPSC has the potential to enable prediction of the lifespan of a P application site with knowledge of the P-loading schedule as demonstrated by [64] . Results support the validity of SPSC as a means of estimating P loading rates that pose minimum environmental threat for sandy soils. From an analysis of over 750 soil samples collected in the field, [65] showed that as long as SPSC is positive, water soluble P (WSP) in the soil is minimum, but WSP increases dramatically as SPSC becomes negative. Controlled column experiments with various P impact levels and leachate analyses for P showed a similar response [64].
Conclusions
There continue to be uncertainties regarding interrelationships between P management and water quality issues in grazingland ecosystems. Ideally, studies on nutrient transport should assess nutrient dynamics in the soil and 6 International Journal of Agronomy mechanisms by which nutrients are subsequently transported to water surface and groundwater. The pathways of nutrient losses in pasture systems can be extremely complicated, so continued research efforts should be placed on better understanding P dynamics in these systems, and how P management can be managed to address both agronomic and environmental aspects. While low-input systems may seldom cause water quality problems, pastures excessively fertilized and those associated with high stocking rates may pose serious impacts on surface and subsurface water contamination. However, when compared to other agricultural systems, properly managed grasslands usually represent less risk than row crops and may not be different from native ecosystems in terms of environmental impacts.
As agriculture continues to modernize and intensify, public concerns about the impacts of plant nutrients on environmental quality will likely increase. Because of the rapid population growth in many parts of the world, agriculture and urban societies will increasingly compete for finite water supplies. Managing water quality protection and profitable agriculture will be a major challenge for the next generations.
